Introduction
Specific interactions between transcription factors and cis -acting DNA sequence motifs generate the molecular basis of transcriptional regulation in which diversity is created by the particular pool of transcription factor dimers available for binding. To elaborate, the basic region-leucine zipper (bZip) superfamily of transcription factors bind cis DNA motifs through the formation of heterodimers or homodimers comprised of various combinations of different family members (Newman & Keating 2003) . In this manner, the bZip superfamily factors establish a functional network, with different combinations of dimeric transcription factors provoking a wide range of biological responses ( Jochum et al . 2001; Motohashi et al . 2002) . This suggests that the relative abundance of different partner molecules is critical for the regulation of specific subsets of target genes.
To elucidate how such diversity is created in a transcriptional regulatory system, the DNA binding specificity of various transcription factor dimers has been examined. In most prior investigations, transcription factors (and various mutant molecules) have been studied with one or a few fixed cis -regulatory elements derived from target genes in electrophoretic mobility shift assays (EMSA) (Chapman-Smith et al . 2004) or surface plasmon resonance (SPR) assays (Grinberg & Kerppola 2003) . Consensus DNA sequences for the preferred binding of each transcription factor dimer have also been determined using PCR-EMSA amplification and purification methods. However, this 'binding site selection' method collects a relatively diverse group of DNA sequences that share the ability to interact with specific transcription factors and usually only those sequences having the highest affinity are recovered Kerppola & Curran 1994; Johnsen et al . 1998) . Whereas extensive efforts have been made to extract a feature common to the diverse cis -regulatory elements, very few attempts have been made to examine whether the diversity in those elements contributes to the selection of transcription factors that interact with them. Thus, our current view is biased in this respect and the genuine relationship between sequence changes in cis -acting elements and gene regulation in vivo remains obscure.
Members of the Maf family belong to a group of transcription factors that share a unique bZip structure (reviewed in Motohashi et al . 2002) . This family consists of four large Maf proteins, c-Maf, MafB, NRL and LMaf/A-Maf, that possess N-terminal transactivation domains, and three small Maf proteins, MafF/MafT, MafG and MafK, that lack activation domains. Both large and small Maf proteins can form homodimers. In addition, the small Maf proteins can heterodimerize with Cap'n'collar (CNC) family bZip proteins (p45 NF-E2, Nrf1/LCR-F1, Nrf2/ECH and Nrf3) and also with the closely related Bach family proteins (Bach1 and Bach2).
Recognition sequences for small Maf:CNC and small Maf:Bach heterodimers are present in the enhancer and promoter regions of cellular target genes. These critical cis -regulatory elements were identified as the NF-E2 binding motif and the anti-oxidant/electrophile responsive element (ARE/EpRE) (Friling et al . 1990; Ney et al . 1990; Rushmore et al . 1991) through the analyses of erythroid-specific genes and cellular defense genes, respectively. The consensus sequence for NF-E2 was reported to be TGCTGAGTCAT (Ney et al . 1990) , while that for the ARE is TGACnnnGC (Rushmore et al . 1991) . NF-E2 (small Maf:p45) was shown to interact with the NF-E2 binding motif, while small Maf:Nrf2 heterodimers and small Maf homodimers interact with the ARE/EpRE .
A consensus DNA sequence for the binding of Maf homodimers has been determined by binding site selection Kerppola & Curran 1994) . The conclusions stated that large Maf homodimers recognize a relatively long palindromic DNA sequence designated the Maf recognition element (MARE), TGCTGA G / C TCAGCA and TGCTGA GC / CG TCAGCA. These two sequences contain either a TPA-responsive element (TRE; TGA G / C TCA) or a cAMP-responsive element (CRE; TGA GC / CG TCA) at their core. In addition, these two MARE motifs also contain extended elements on both sides of the core sequence (flanking region; 5 ′ -TGC-core-GCA-3 ′ ). MARE motifs containing a TRE or CRE are referred to as T-MARE and C-MARE, respectively. The requirement for a flanking region in the MARE distinguishes the Maf family proteins from members of the AP-1 or CREB/ATF family (Swaroop et al . 1992; Kerppola & Curran 1994; Kusunoki et al . 2002) . Because the NF-E2 binding motif and ARE share a strong similarity to the MARE consensus sequence and because small Maf:CNC and small Maf:Bach heterodimers interact with the MARE, the collective term for elements recognizing Maf-containing homodimers and heterodimers is MAREs .
Recent studies suggested that differences in sequence among the MAREs may be functionally important. For example, gene disruption of various MARE-interacting transcription factors in mouse affects the transcription of different subsets of MARE-dependent genes, resulting in distinct phenotypes . One reason for the diverse phenotypes encountered in these mutants may be that each transcription factor has a unique expression profile, while another may be that coexisting bZip heterodimers differentially interact with different MAREs. We envisaged that this differential interaction, if genuine, might be attained by either the cooperative binding of bZip factors to the MAREs (Nioi et al . 2003; Ramirez-Carrozzi & Kerppola 2003) or sequence variations within the MAREs. Since the latter possibility was most immediately tractable, we examined how sequence variation in the MAREs might affect MARE-dependent transcriptional activity.
We recently described and validated an SPR-microarray imaging technique that detects interactions between transcription factors and double-stranded DNA efficiently, quantitatively and systematically (Kyo et al . 2004) . SPR is a label-free, real time, optical detection method for interactions between a soluble ligate and an immobilized ligand. We combined the SPR imaging system with the microarray technique. DNA microarray is assembled by immobilizing double-stranded DNAs at up to 96 spots on the gold surface and, with a protein in solution injected across the surface, the protein-DNA interactions at all spots are detected simultaneously. Utilizing this technique, we examined the binding affinity of homodimeric MafG, one of the small Maf family members, to several MARE-related DNA sequences. Since the binding affinity of the MafG homodimer to various MAREs correlated well with those determined by EMSA, we applied the SPR-microarray imaging method to binding analyses of Maf-containing homodimers and heterodimers. We discovered that each MARE sequence specifies the particular dimeric transcription factor complex with which it effectively interacts. Furthermore, we found that the MAREs can be classified into five distinct groups based on the kinetic values of binding to the MafG homodimer or MafG:Nrf2 heterodimer. This categorization revealed a straightforward set of base alteration rules for MARE elements that actively determine the binding specificity for dimeric transcription factor complexes and govern the diversity of responses mediated by MAREs in the regulation of gene expression.
Results

SPR-microarray analysis of MafG homodimer binding to consensus and mutant MAREs
We first examined the binding profile of a MafG homodimer to a library of 40 sequence variants of MAREs using SPR-microarray imaging. The DNA microarrays were assembled using double-stranded oligonucleotides containing MARE variants generated by systematic base alterations ( Fig. 1A and Table 1 ). DNA preparations with symmetric base alterations in the core and flanking regions were designated CO-S (core-symmetric mutation) and FL-S (flanking-symmetric mutation), respectively. DNAs with base alterations on one side of the MARE were called CO-A (core-asymmetric mutation) and FL-A (flanking-asymmetric mutation). DNAs with a central base alteration were referred to as CEN-G, CEN-A and CEN-T. CEN-C and CEN-G correspond to the MARE consensus sequence. MafG protein was expressed in bacteria and purified, then examined directly since MafG is capable of binding to DNA as a homodimer.
Representative SPR signals and the kinetic values calculated from them are shown in Fig. 1 and Table 2, respectively. An SPR signal value indicates the amount of MafG protein binding to the DNA. Lines tangent to the points of association and dissociation of an SPR signal curve reflect the association rate and dissociation rate, respectively. Although the binding affinity to the variant MARE motifs differs greatly, the curves obtained with the MafG homodimer preparation were essentially monotonous in shape (Fig. 1B,C) . We therefore divided the variants into three groups: MAREs with high binding affinity (Group H; this group was subsequently subdivided into three, based on the affinities to the MafG:Nrf2 heterodimer (below)), low binding affinity (Group L) and without demonstrable binding (Group N). The highest affinities were obtained with the complete consensus sequences CEN-C and CEN-G. We found that, in general, symmetric base alterations weakened or abolished binding of the MafG homodimer and thus these mutations were placed into the low-affinity group (Group L) or non-binding group (Group N), respectively. Exceptions were mutants with alterations at position − 6/ +6 (FL-S6AT, FL-S6CG and FL-S6GC), CO-S2TA and FL-S4AT. In contrast, asymmetric base alterations either in the core region or in the flanking region did not inhibit binding (Group H), even though the corresponding symmetric mutations were completely incompatible with MafG association. Thus, the asymmetric mutants CO-A1C, CO-A2G, CO-A3C, FL-A4C and FL-A5A were categorized into Group H, while their corresponding symmetric mutants CO-S1GC, CO-S2CG, CO-S3GC, FL-S4GC and FL-S5TA were categorized into Group (N), indicating that the conservation of a 'one half site' is sufficient to stabilize MafG homodimer binding.
Mixtures of Nrf2 and MafG generate complex and heterogeneous SPR patterns
To prepare heterodimeric molecules containing MafG, we chose Nrf2 as the representative CNC partner molecule of MafG. A fragment of Nrf2 containing the CNC and bZip domains was bacterially expressed and purified. Equimolar Nrf2 was mixed with MafG and applied to the same DNA microarrays as examined in the MafG homodimer analysis. Surprisingly, the binding curves obtained with this preparation were quite heterogeneous in shape (left panels of Fig. 2 ) compared to those recovered in examining the MafG homodimer (Fig. 1) . Three curve patterns were initially categorized. The first pattern was one of slow association, slow saturation to a plateau and slow dissociation (parabolic curve; Fig. 2A , left panel). The second pattern displayed rapid association and rapid dissociation (square curve; Fig. 2D, left panel) . The third pattern showed the composite characteristics 
Bases altering from the consensus MARE sequence are shown in lower-case letters. CEN-C and CEN-G indicate the consensus MARE sequences and CEN-A and CEN-T are central base variations. DNAs with symmetric base alterations in the core and flanking regions were designated CO-S and FL-S, respectively. DNAs with base alterations on one side of the MARE were called CO-A (core-asymmetric mutation) and FL-A (flanking-asymmetric mutation).
rapid association, slow saturation to a plateau and relatively slow dissociation (Fig. 2B ,C, left panels). We suspected that a mixture of MafG homodimers and MafG:Nrf 2 heterodimers in the preparation might be responsible for these heterogeneous binding patterns. This possibility was addressed experimentally by altering the relative molar ratio of Nrf 2 to MafG (Fig. 3) . MARErelated sequences with base changes in the core regions ( Fig. 3A ) and the flanking regions ( Fig. 3B ) were used. In the absence of Nrf 2, all of the binding curves were parabolic. By increasing the relative abundance of Nrf 2, square curves began to dominate and all the observed curves were square when a ten-fold molar excess of Nrf 2 was mixed with MafG ( Fig. 3A ,B and see right panels Fig. 2 ). When only Nrf2 was applied, no binding was observed to any of the MARE variants (data not shown). From these data, we provisionally concluded that the parabolic curves represent the interaction of MafG homodimers with the MAREs, whereas MafG:Nrf2 heterodimers account for the square curves.
MAREs can be categorized into five distinct groups
When we compared the SPR curves obtained from using equimolar mixtures of MafG and Nrf2 to those obtained from using a 1 : 10 molar ratio of MafG to Nrf2, we noticed that the MAREs fell into five groups ( The kinetic data calculated from SPR signals obtained from using a 1 : 10 ratio mixture are described in Table 3. and data not shown). These groupings correlated well with those determined for MafG homodimer binding (Fig. 1) . Group I displayed parabolic curves when MafG and Nrf2 were equimolar and no substantial interaction occurred when Nrf2 was ten-fold in excess of MafG. This was interpreted as exclusively homodimeric binding by these sequences. The kinetic values of Group I sequences for homodimer binding were relatively low ( close to parabolic binding at ratios of 1 : 1 and displaying square curves with low plateaus at 1 : 10 ratios. Group III had curves with composite features that were close to being square-shaped under 1 : 1 conditions and square with high plateau levels under 1 : 10 conditions. We surmise that Group II and III sequences interact with both the MafG homodimer and the MafG:Nrf2 heterodimer depending on their relative concentrations. Group IV displayed square interaction profiles even at 1 : 1 molar ratios. This suggests that the MafG:Nrf2 heterodimer interacts with these sequences almost exclusively by preventing MafG homodimer binding. Thus, Group IV sequences strongly prefer the heterodimer. MAREs categorized into Groups II-IV correspond to Group H of MafG homodimer binding (Table 2) . Group V displayed no protein binding under either condition and the binding sequences in this group correspond to Group N (Table 2) .
Kinetic analysis of MafG:Nrf2 heterodimer binding
Kinetic values for heterodimer binding were calculated using protein preparations containing MafG and Nrf2 at a 1 : 10 ratio, since all MafG molecules heterodimerize with Nrf2 under this condition (Table 3) . Base alterations categorized into Groups I and V (i.e. Groups L and N in Table 2 ), which either diminish or abolish MafG Fig. 2B-D) . At the 1 : 1 ratio, the square signal curves of the Group IV sequences suggested the exclusive binding of these sequences to heterodimers, since their affinities for the MafG:Nrf2 heterodimer were high. The signal curves of Group II sequences were close to parabolic, suggesting the preferential interaction of homodimers to those MAREs, since their affinities for the MafG:Nrf2 heterodimer were low.
The SPR-based classification of MAREs is compatible with that of EMSA
To validate the accuracy of the SPR-based MARE classifications, we performed EMSA using three different protein preparations and representative sequences chosen from each group of classification as probes. We first examined a protein mixture consisting of a 1 : 1 molar ratio of MafG to Nrf2 that generated the strongest heterodimer binding to CEN-C, the MARE consensus sequence (Fig. 4 , top panel, lanes 1-26). Group I MAREs showed weak interactions (lanes 5-8) and association exclusively with the homodimer (white arrowheads), but no binding by the heterodimer (black arrowheads). Group II and III sequences interacted with both homodimers and heterodimers (lanes 9-22), but Group II showed a preference for the homodimer while Group III favored the heterodimer. Group IV MAREs interacted solely with MafG:Nrf2 heterodimers (lanes 23-26) .
We next used a protein mixture at a 2 : 1 molar ratio of MafG to Nrf2 that generated comparable CEN-C binding activities between the homodimer and heterodimer (Fig. 4, middle panel, lanes 27-52) . Only homodimer binding was observed for Group I and II sequences (lanes 31-40). Homodimer binding increased with Group III MAREs (lanes 41-48), whereas heterodimer binding was still dominant in the case of Group IV MAREs (lanes 49-52). The molar ratio of MafG to Nrf2 in the protein mixture was adjusted to 3 : 1 and generated more abundant homodimer binding to CEN-C (Fig. 4 , bottom panel, lanes 53-78). Using the 3 : 1 ratio, homodimer binding further increased with Group III MAREs (lanes 67-74). While the binding observed for Groups I and II was predominantly homodimeric (lanes 57-66), heterodimers dominated in Group IV binding (lanes 75-78). In perfect accordance with the SPR-based classification of the MAREs, these EMSA results demonstrated that, regardless of changes in the relative abundance of homodimers and heterodimers, Group I and Group II MAREs interact preferentially with homodimers, whereas Group IV MAREs interact more favorably with heterodimers. Group III MAREs appear permissive for roughly equivalent binding to both types of dimer.
Single base alterations determine the binding preference of MAREs
The base substitutions that led to the categorization of individual MAREs into five distinct groups are summarized in Fig. 5 . This figure lists the mutations that were identified and categorized based on the results of SPR analyses and EMSA. All Group I sequences are symmetric mutants, while Group II includes most of the core asymmetric mutants and three symmetric mutants as exceptions (CO-S2TA, FL-S6AT and FL-S6GC). Group III includes the central base mutants and most of the flanking region asymmetric mutants. Group IV includes one symmetric mutant with a C/G to A/T change at position −4/+4 (FL-S4AT) and two asymmetric mutations at position +4, namely G to C (FL-A4C) and G to T (FL-A4T). Although Group IV sequences were mainly bound by the heterodimer ( Figs 2D and 4) , the homodimer also strongly interacted with these sequences in the absence of the heterodimer (Table 2 and EMSA data not shown). All the MAREs incapable of interacting with either the MafG homodimer or MafG:Nrf2 heterodimer and classified into Group V correspond to symmetric mutants.
In summary, the features of the MARE variants can be summarized as follows: homodimer-orientd MAREs (Groups I and II), heterodimer-orientd MAREs (Group IV), ambivalent MAREs (Group III) and silent/ functionless MAREs (Group V). Thus, these results unequivocally demonstrate that single base changes can modulate the MafG homodimer vs. MafG:Nrf2 heterodimer binding preference of MAREs.
Binding preferences of endogenous MAREs
To verify the binding preferences of the MAREs proposed here, we examined a group of genomic MARE-related sequences to determine whether or not they obeyed the rules described above. To this end, we selected five wellcharacterized MARE sequences present in endogenous gene regulatory regions (genes abbreviated in bold in Table 4 ) and examined their properties by both SPR imaging and EMSA. MAREs were selected from the mouse γF crystallin (mG2cryst; Rajaram & Kerppola 2004) , human rhodopsin (hOPSIN; Kumar et al. 1996) , human NQO-1 (hNQO1; Xie et al. 1995) , human β-globin (hBglHS4; Stamatoyannopoulos et al. 1995) and mouse GST-Ya genes (mGSTY; Rushmore et al. 1991; Xie et al. 1995) . The two artificial MAREs, CEN-C and MARE23, were additionally examined as controls (Kyo et al. 2004) . The rationale for these experiments was as follows. Since the mG2cryst MARE bears asymmetric mutations at positions −3, −2 and +1, we predicted that asymmetric core mutations on both sides might be equivalent to symmetric core mutations and that mG2cryst might display Group I properties, i.e. preferential association with MafG homodimers. We also predicted that the hOPSIN sequence might be permissive for binding to both dimers, since it possesses the central base alteration and asymmetric change at position +6, both of which are characteristic of Group III. Since hNQO1, hBglHS4, mGSTY and MARE23 possess features of Group IV (namely a G to C change at position +4 for the first three genes and a symmetric mutation from C/G to A/T at position −4/+4 in MARE23), we expected that these four MAREs might show preferential affinity for the MafG:Nrf2 heterodimer in spite of the additional mutations.
SPR responses were recorded and kinetic values were determined for three different protein preparations: MafG alone, a 1 : 1 mixture of MafG and Nrf2 and a 1 : 10 mixture of MafG and Nrf2 (Fig. 6A-C and Tables 2   and 3 ). In accordance with our expectations, mG2cryst showed a typical Group I sequence association, while hOPSIN showed a curve similar to typical Group III binding. Typical Group IV bindings were observed for hNQO1, hBglHS4, mGSTY and MARE23 when 1 : 1 and 1 : 10 mixtures of MafG and Nrf2 were examined (Fig. 6B,C) . It was noted, however, that hBglHS4 and MARE23 displayed atypical binding properties for Group IV sequences since they did not show any significant interactions with the MafG homodimer (Fig. 6A) .
When EMSA was performed using the protein mixture of MafG and Nrf2 that gave rise to strong heterodimer binding for CEN-C (Fig. 6D, lane 2) , homodimer binding was dominant for mG2cryst (lane 8), as was the case for Group I MAREs, while heterodimer binding dominated associations with MARE23, hNQO1, hBglHS4 and mGSTY (lanes 5, 14, 17 and 19) , as was the case for Group IV MAREs. Like Group III MAREs, both homodimer and heterodimer binding were observed for hOPSIN (lanes 11). When MafG was applied, homodimer binding was hardly observed for MARE23 and hBglHS4 (lanes 4 and 16), as expected from the SPR data. This suggested that the additional symmetric alterations at positions −6/+6 and −5/+5 found in hBglHS4 and MARE23, respectively, significantly reduce the affinity for the MafG homodimer. With further analysis on MAREs with multiple base alterations, we found that heterodimer-orientd Group IV sequences can actually be divided into two subgroups, both of which possess the characteristic "G to T" or "G to C" substitution at position +4: MAREs that bind the MafG homodimer and those that don't (data not shown). These results demonstrate that the relationship between the base alterations and the binding preferences summarized in Fig. 5 are applicable as general rules for predicting preferential MafG homodimer or MafG:Nrf2 heterodimer binding to genomic MARE-related sequences.
Variations in MAREs elicit distinct trans-acting potentials to Maf-containing homo-and heterodimers
We finally examined the functional significance of sequence variations within MAREs in regulating the transcriptional activation/repression process. We constructed four different luciferase reporter genes, containing MAREs from either the hNQO1, hBglHS4, hOPSIN or mG2cryst genes (Fig. 7A) , and examined the responses of these genes to MafG homodimer and MafG:Nrf2 heterodimer co-transfection. Since MafG does not possess a canonical transcriptional activation domain, MafG homodimer interactions should result in transcriptional repression, while MafG:Nrf2 heterodimer interactions should be reflected by transcriptional activation.
When increasing amounts of MafG plasmid was transiently expressed with a constant amount of reporter gene, the luciferase activity was repressed, with the exception of hBglHS4 (left panels of Fig. 7B-E, lanes 1-4) . When increasing amounts of Nrf2 were co-transfected, the luciferase activity increased except for the reporter driven by mG2cryst (right panels of Fig. 7B -E, lanes 5-9). Since Nrf2 cannot bind to DNA as a monomer or homodimer, the transfected Nrf2 must dimerize with an endogenous small Maf. Hence, these results correlate well with the binding properties obtained from the SPR imaging and EMSA; hNQO1 and hOPSIN interact with both the homodimer and the heterodimer, whereas hBglHS4 selectively interacts with the heterodimer and mG2cryst interacts exclusively with the homodimer. We conclude from these data that the sequence variations within these MAREs alter their preferential interaction with transcription factors to elicit distinct responses, which in turn directly reflects the diversity in MAREdependent gene activation or repression.
Discussion
In this study, we examined how the MafG homodimer and MafG:Nrf2 heterodimer interact with MAREs using SPR-microarray imaging. We found that MAREs can be categorized into five reasonably well-defined groups that bind to the MafG homodimer and/or the MafG:Nrf2 heterodimer based on the kinetic values derived from SPR-microarray imaging. This classification was verified by the analysis of previously identified MAREs that reside within the regulatory regions of endogenous target genes. The results demonstrate that various MAREs possess distinct binding specificities for MafG homodimers and MafG:Nrf2 heterodimers, which generates diversity in the regulation of gene expression. Thus, single base changes in the MARE sequence appear to be primary determinants for the differential binding of dimeric bZip transcription factors that coexist in cells.
SPR has not been commonly used to analyze the competitive binding of multiple proteins, as the contribution of each protein to the DNA binding becomes rather cloudy when multiple competitive proteins are coordinately applied in SPR analysis. Therefore prior to this work, the only studies on molecular interactions that could be analyzed by SPR examined one protein in solution interacting with single DNA motifs immobilized on the solid surface. We wanted to determine whether subtle variations within the cis-acting motifs contribute to the selection of specific trans-acting dimers from among multiple, related dimer populations. We unexpectedly challenged the first SPR analysis of the competitive binding of multiple transcription factors to a single DNA motif.
The two types of dimer that form in solution as a result of mixing Nrf2 and MafG are the MafG homodimer and MafG:Nrf2 heterodimer. We therefore examined the competitive binding of the MafG:Nrf2 heterodimer and MafG homodimer to genuine and synthetic MAREs. The coexistence of the MafG homodimer with the MafG:Nrf2 heterodimer in solution, both of which could interact with the MAREs, gave rise to strikingly different SPR signals. Titration studies using different molar ratios of Nrf2 and MafG provided an important clue for interpreting these heterogeneous patterns and finally revealed that the different patterns correspond to homodimer and heterodimer binding. Thus, a unique feature of this study is that MARE variants were categorized primarily based on the SPR imaging of mixed homo-and hetero-dimer populations. This knowledge enabled us to distinguish MAREs that preferentially bind to the MafG homodimer, the MafG:Nrf2 heterodimer, or exhibit no preference under conditions in which both dimers coexist. It seems reasonable to propose that this condition may mimic physiological conditions in the cell. The calculated kinetic values for each dimer from the patterns recorded under the two most extreme conditions, when either only MafG homodimer or MafG:Nrf2 heterodimer was available, were found to be quite consistent with the classification based on the SPR curves.
The affinity for the MafG homodimer was generally reduced by symmetric mutations either in the core region or in the flanking region. Symmetric mutations at positions −5/+5 and −4/+4 strongly inhibited homodimer interactions . This is consistent with previous studies showing that a "GC" sequence in the flanking region (−5/+5 and −4/+4) is critical for stabilizing Maf protein binding (Kerppola & Curran 1994) . Another feature of the homodimer binding profiles was that complete conservation of a half MARE was sufficient for the formation of a high-affinity binding site for the homodimer. When a half site of a Group V MARE, to which homodimers do not bind, is connected to another completely conserved consensus half MARE, the MafG homodimer can bind with high affinity (data not shown). This result indicates that not only the interaction between the dimer and the DNA, but also that between each dimer subunit, contributes to the stability of the bZip dimer/DNA complex. This conclusion is consistent with the analyses of another bZip family protein, GCN4 (Vinson et al. 2002) , as well as studies examining bHLH/PAS family proteins (Chapman-Smith et al. 2004) and bHLH/Zip family proteins (Park et al. 2004) .
MAREs that are well characterized in vivo are aligned in Table 4 . Many erythroid-or megakaryocyte-specific genes possess critical MAREs in their regulatory regions (see References in Table 4 ), which were originally identified as NF-E2 binding sites (Mignotte et al. 1989) . Small Maf:p45 heterodimers are the prime candidates that may interact with such MAREs (Andrews et al. 1993; Igarashi et al. 1994) . Alternatively, MAREs are also known as the ARE (Rushmore et al. 1991) or the EpRE (Friling et al. 1990) , which reside in the regulatory regions of phase II detoxifying enzyme genes and oxidative stress response genes (see References in Table 4 ). Small Maf:Nrf2 heterodimers, and on specific occasions small Maf:Nrf1 or small Maf:Nrf3 heterodimers, interact with these MAREs and, together with small Maf homodimers and small Maf:Bach1 heterodimers, either activate or repress transcription Leung et al. 2003) . All of these MAREs possess unique base alterations that are characteristic of Group IV sequences, namely the change of "G" to "C" or "T" at position +4. This observation coincides precisely with previous reports, as the consensus sequence for NF-E2 binding was reported to be "TGCTGA G / C TCAT" (Ney et al. 1990) , while the ARE/EpRE consensus was reported to be A/GTGAC-NNNGC (Friling et al. 1990; Rushmore et al. 1991) . Furthermore, in vitro binding site selections employing the MafG:Nrf1 heterodimer revealed that it binds preferentially to "TGCTGAGTCAT" ( Johnsen et al. 1998) .
We have proposed that the CNC-small Maf heterodimer (a transcriptional activator) and the small Maf homodimer (a transcriptional repressor) compete for the same binding sequence, and that the quantitative balance between the two finally determines the transcriptional output in megakaryocytes (Nagai et al. 1998; Motohashi et al. 2000) . Based on these results, genes possessing Group III MARE sequences would be highly responsive to both small Maf:CNC heterodimers and small Maf homodimers. In contrast, genes possessing Group IV MARE sequences would be easily activated by low concentrations of small Maf:CNC heterodimers, whereas higher concentrations of small Maf homodimers would be required for binding to the same MARE sites to bring about transcriptional repression.
Another important cluster of MAREs has been identified in the genes regulated by large Maf proteins (see References in Table 4 ). MAREs with characteristics belonging to Groups I and II are found among these MAREs. GC/GC at positions −5-4/+4 +5, which are essential for DNA recognition by the Maf proteins, are well conserved in these MAREs. We observed that cMaf, one of the large Mafs, can activate the reporter gene driven by mG2cryst, a typical Group I sequence (data not shown). Thus, genes possessing Group I/II MAREs seemed to be regulated specifically by the large Maf family of transcription factors. One exception for this prediction is the hOPSIN MARE motif in the rhodopsin gene. Since the hOPSIN MARE can respond to both Maf homodimers and Maf:CNC heterodimers, the rhodopsin gene may be sensitive to the relative abundance of these two kinds of dimer. Nrl, one of the large Maf proteins, is known to be a key activator of rhodopsin gene expression in rod cells of the retina (Kumar et al. 1996) . In addition to the Nrl homodimer, CNC factors expressed in the rod cells, if any, could be involved in rhodopsin gene regulation through the MARE as a heterodimer with small Maf.
Central base alterations from C/G to A/T can be found in several genes regulated by large Maf factors, including the human rhodopsin gene (Kumar et al. 1996) , the chicken δ1 crystalline gene (Ogino & Yasuda 1998) and the mouse insulin gene (Kataoka et al. 2002 ). An intriguing feature of the central base mutants is their high affinities for Maf containing dimers, including the MafG homodimer, MafG:Nrf2 heterodimer, large Maf homodimers and large Maf:Fos heterodimers, and their low affinities for the Jun homodimer and Jun:Fos heterodimer (AP-1) (see Tables 2  and 3 ) (Kataoka et al. , 1995 Kumar et al. 1996) . Hence, the central base alterations cited above appear to generate MAREs that are more specific for Maf-containing dimers, both homodimers and heterodimers, than for other bZip factors and exclude interference from the many other bZip transcription factors that may exist in a given type of differentiated cell.
In summary, based on these SPR-microarray studies, we conclude that MAREs create a huge diversity in the regulation of gene expression through single base alterations. Such subtle changes in the MARE sequences are sufficient to alter rather drastically the binding specificity for any given transcription factor dimer and thereby impart enormous diversity to gene regulatory networks formed by the Maf/CNC families of transcription factors.
Experimental procedures
Oligonucleotide DNAs
The oligonucleotides used for SPR-microarray imaging were synthesized by Hokkaido System Science and Qiagen as previously described (Kyo et al. 2004) . The oligonucleotides with the thiol group protected were designed as 5′-HS-(T) 15 -CGGAAT(N) 13 TTACTC-3′, with the 15-base thymine stretch on the 5′-end, and the complementary oligonucleotides were synthesized against the variable region with fixed 6-base regions on both sides. The variable 13-base regions were altered systematically and 39 mutations were generated in the MARE consensus sequence 5′-TGCTGA-C-TCAGCA-3′. There were nine types of symmetric variations in the core region (5′-TGC(N) 3 -C-(N) 3 GCA-3′) and nine types of symmetric variations in the flanking region (5′-(N) 3 TGA-C-TCA(N) 3 -3′). The rest were 18 asymmetric single base pair mutations (5′-(N) 6 -C-TCAGCA-3′) and 3 central base mutations (5′-TGCTGA-N-TCAGCA-3′) (Fig. 1A and Table 1 ). In addition to these systematic variants, five oligonucleotides were prepared based on the functional MARE-related sequences found in the regulatory regions of several endogenous genes (Tables 2 and 3) . One artificial sequence, MARE23, was used as a negative control for MafG homodimer binding (Kyo et al. 2004) . The doublestranded portions of oligonucleotides used in the SPR detection, composed of a 13 bp variable sequence flanked by 6 bp fixed regions on both sides, were synthesized separately and used for probes in EMSA. ThiolB (5′-GCCAGCTTATTCAACTAG-3′) was used as an indifferent sequence as the negative control.
DNA array assembly and SPR-microarray imaging analysis
Assembly of the double-stranded DNA array and SPR-microarray imaging were performed as previously described (Kyo et al. 2004) . The recombinant proteins were applied to the array surface at 100 µL/min in SPR buffer (20 mm HEPES, 250 or 300 mm NaCl, 4 mm MgCl 2 , 1 mm EDTA, 1 mm Tris (2-carboxyethyl) phosphine and 0.005% Tween20). One hundred nanometers MafG protein solution was used for the SPR detection of MafG homodimer and the concentration of Nrf2 was changed from 0 to 1 µm for heterodimer analysis. Three hundred nanometers NaCl was used in the homodimer analysis, while 250 mm was used in the heterodimer analysis, because the higher salt concentration lowers the signal levels. The buffer pH was set at 7.9 as the optimal condition common to both dimers. The orientation of asymmetric MARE variants was also examined and it was found that it did not substantially affect the kinetic values, but did affect the maximal SPR signal levels when the heterodimer was applied. SPR signals whose levels of saturation were less than 10% of that of CEN-C were not considered to be significant. The kinetic values were calculated with a program based on the simple reversible reaction model (George et al. 1995) . For the calculation of kinetic values, the concentrations of the dimers were used, which were 50 nm for MafG homodimer and 100 nm for MafG:Nrf2 heterodimer.
Nrf2 and MafG protein preparation
MafG protein was prepared as previously described (Kyo et al. 2004) . For the preparation of His 6 -tagged Nrf2, the HindIII/NotI fragment from pKI-256 (Itoh et al. 1997) , which encodes the bZip domain of Nrf2, was cloned into the XhoI site of pET-15b (Novagen). The crude bacterial lysate containing His 6 -tagged Nrf2 was purified with ProBond resin (Invitrogen).
EMSA
EMSA was performed as previously described (Kyo et al. 2004) . The binding activity of the homodimer was examined using 0.36 µm of MafG. For the heterodimer binding analysis, mixtures of MafG:Nrf2 were prepared, with a set concentration of MafG of 0.6 µm and three different concentrations of Nrf2. Stronger heterodimer binding to CEN-C was generated by adding 0.6 µm Nrf2. A half and one third of the concentrations of Nrf2 were added for generating comparable binding activities between the homodimer and heterodimer and for generating stronger homodimer binding to CEN-C, respectively.
Reporter constructs and expression plasmids
Four kinds of luciferase reporter plasmids were constructed by replacing the MluI-NheI fragment of pRBGP2 (Igarashi et al. 1994 ) with one of the triplicate MARE-related sequences
